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Abstract: Transiting exoplanets offer a unique opportunity to study the atmospheres of terrestrial
worlds in other systems in the coming decade. By absorbing and scattering starlight, exoplanet
atmospheres produce spectroscopic transit depth variations that allow us to probe their physical
structures and chemical compositions. These same variations, however, can be introduced by the
photospheric heterogeneity of the host star (i.e., the transit light source effect). Recent modeling
efforts and increasingly precise observations are revealing that our understanding of transmission
spectra of the smallest transiting exoplanets will likely be limited by our knowledge of host star
photospheres.
Here we outline promising scientific opportunities for the next decade that can provide useful
constraints on stellar photospheres and inform interpretations of transmission spectra of the small-
est (R < 4R) exoplanets. We identify and discuss four primary opportunities: (1) refining stellar
magnetic active region properties through exoplanet crossing events; (2) spectral decomposition
of active exoplanet host stars; (3) joint retrievals of stellar photospheric and planetary atmospheric
properties with studies of transmission spectra; and (4) continued visual transmission spectroscopy
studies to complement longer-wavelength studies from JWST .
In this context, we make five recommendations to the Astro2020 Decadal Survey Committee:
(1) identify the transit light source (TLS) effect as a challenge to precise exoplanet transmission
spectroscopy and an opportunity ripe for scientific advancement in the coming decade; (2) include
characterization of host star photospheric heterogeneity as part of a comprehensive research strat-
egy for studying transiting exoplanets; (3) support the construction of ground-based extremely
large telescopes (ELTs); (4) support multi-disciplinary research teams that bring together the he-
liophysics, stellar physics, and exoplanet communities to further exploit transiting exoplanets as
spatial probes of stellar photospheres; and (5) support visual transmission spectroscopy efforts as
complements to longer-wavelength observational campaigns with JWST .
2
1 The Transit Light Source Effect
The last two decades have witnessed an explosion of theoretical and observational advances in
the study of exoplanet atmospheres. In large part, these advances have been enabled by exoplanet
transmission spectroscopy, the multiwavelength study of exoplanet transit depths This technique
probes the thin upper atmospheres of distant worlds and provides unprecedented insights into their
physical structures and chemical compositions. Observations of transiting exoplanets have char-
acterized atomic and molecular absorption (e.g., Charbonneau et al., 2002; Deming et al., 2013),
scattering processes in upper atmospheres (e.g., Lecavelier Des Etangs et al., 2008; Pont et al.,
2013), and the importance of clouds and hazes in shaping transmission spectra (e.g., Kreidberg
et al., 2014; Sing et al., 2016). The next decade promises even greater advancements in the char-
acterization of giant exoplanets and a revolution in studies of terrestrial exoplanet atmospheres.
TESS and focused ground-based transit surveys, such as MEarth (Nutzman & Charbonneau, 2008),
SPECULOOS (Delrez et al., 2018), and Project EDEN1, will discover small planets amenable for
atmospheric characterization; JWST and ground-based extremely large telescopes (ELTs) will de-
liver the collecting area, spectral coverage, and spectral resolution required to detect biomarkers
through transmission spectroscopy (Cowan et al., 2015; Schwieterman et al., 2018). If life beyond
Earth is ubiquitous, we will—for the first time in human history—be able to potentially detect it
(Seager, 2014), provided we can disentangle exoplanet atmospheric signatures from the intrinsic
“noise” of their host stars.
This caveat owes to recent modeling efforts and increasingly precise observations that have
underscored the impact of stellar photospheric heterogeneity on precise transmission spectra. In
particular, stellar magnetic active regions in the form of cool spots and hot faculae, present both
within and outside the transit chord, introduce strong signals that can alter the observed trans-
mission spectrum of an exoplanet (e.g., Sing et al., 2011; Pont et al., 2013; Oshagh et al., 2014;
McCullough et al., 2014; Rackham et al., 2017). Since we cannot directly measure the emergent
spectrum of the spatially resolved photospheric region that illuminates an exoplanet atmosphere
during a transit, we must instead adopt the spectrum of the out-of-transit stellar disk as our refer-
ence. Any difference between the disk-averaged spectrum and the spectrum of the transit chord—
the actual light source for the measurement—will be imprinted on the transmission spectrum that
we observe. The importance of this phenomenon, known as the transit light source (TLS) effect
(Rackham et al., 2018, 2019, Figure 1), was emphasized by the National Academies of Science,
Engineering, and Medicine in its Exoplanet Science Strategy Consensus Study Report (NASEM,
2018), which found that ”[u]nderstanding of exoplanets is limited by measurements of the proper-
ties of the parent stars, including [their]...emergent spectrum and variability” (p. S-5).
A detailed discussion of the TLS effect, its astrophysical origin, and its impact on exoplanet
characterization has been provided by Apai et al. (2018). That analysis identified three key ques-
tions that will be essential to address in order to develop a robust method of correcting transmission
spectra for the TLS effect, which we paraphrase as: (1) How do starspot and facula properties (size
distribution, temperature distribution, and spatial distribution) vary with spectral type and stellar
activity level? (2) What model components are required to describe TLS spectral signals due to
stellar heterogeneity? (3) What observations are required by stellar heterogeneity models to cal-
culate and predict TLS spectral signals for a given epoch? This white paper focuses on the science
opportunities in the coming decade to address these questions and mitigate the impact of stellar
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Pre-transit Stellar Disk is the
Assumed Light Source
Actual Light Source is the Chord 
Dened by the Planet’s Projection
The Transit Light Source Eect
Spectral Dierence due to
Dierent Spot/Faculae
Contributions Contaminates
Transit Spectrum
Observed Transit Spectrum
True Planetary Spectrum
Figure 1: Schematic of the transit light source effect. Inhomogeneities in a stellar photosphere
introduce a spectral difference between the light that illuminates the exoplanet atmosphere during a
transit and the disk-integrated stellar spectrum, which provides the reference for measuring transit
depths. This spectral mismatch produces apparent transit depth variations that can mimic or mask
exoplanetary atmospheric features. From Rackham et al. (2018).
photospheric heterogeneity on exoplanet transmission spectroscopy. In the broader context of host
star characterization, this white paper complements separate, complementary papers on outstand-
ing questions and opportunities for host star characterization generally (Hinkel, 2019a) and stellar
abundances (Hinkel, 2019b).
2 Science Opportunities
While certainly not an exhaustive list, we identify four promising observational and data-analysis
techniques that can be further developed or exploited in the next ten years to advance our under-
standing of the photospheres of exoplanet host stars. These are detailed in the following sections.
2.1 Refining active region properties through exoplanet crossing events
Attempts to constrain the TLS effect are limited by our incomplete understanding of the proper-
ties of stellar magnetic active regions. In particular, uncertainties in the typical sizes, emergent
spectra, and spatial distributions of active regions drive the uncertainties in forward-modeling ap-
proaches to forecast TLS signals for typical exoplanet host stars (Rackham et al., 2018, 2019). For-
tunately, transiting exoplanets provide a spatial probe of stellar photospheres that can be leveraged
to extract these properties. Transiting exoplanets may occult magnetic active regions in the stellar
photosphere, producing notable deviations in light curves from models of transits of uniform pho-
tospheres (Figure 2). The timing, duration, and amplitude of these active region crossing events
respectively encode the position, size, and contrast of active regions in the stellar photosphere.
In the past decade, this technique has enabled studies of the magnetic active regions in exemplar
systems, such as HD 189733 (Sing et al., 2011; Pont et al., 2013), HAT-P-11 (Be´ky et al., 2014;
Morris et al., 2017), and WASP-19 (Mancini et al., 2013; Espinoza et al., 2019). In the next decade,
future work can use the large datasets provided by Kepler and TESS and new analysis tools, such as
SPOTROD (Be´ky et al., 2014), StarSim (Herrero et al., 2016), and PyTransSpot (Juvan et al.,
4
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Figure 2: Identification of spot (left panels) and facula (middle panels) properties through active
region crossing events. Precise transit light curves constrain the sizes, contrasts, and positions
of cool (spotted) and hot (facular) magnetic active regions in stellar photospheres (right panels).
Spectroscopic transit observations have the added benefit of studying the wavelength dependence
of the active region contrast, which can be used to constrain the temperature contrast of the active
region with respect to the immaculate photosphere. From Espinoza et al. (2019).
2018), to explore the dependence of active region properties on spectral type, age, activity level,
and other variables of the star. Incorporating 3D MHD codes, such as MURaM, into these analyses
(e.g., Norris et al., 2017), can help to further reveal stellar physics from transit observations.
2.2 Spectral decomposition of active exoplanet host stars
Spectral decomposition provides another avenue to explore the heterogeneity of stellar photo-
spheres. This technique involves fitting features in stellar spectra that must arise in different
temperature regimes to constrain the temperatures and covering fractions of the unique spectral
components in an unresolved stellar photosphere (Vogt, 1979; Ramsey & Nations, 1980; Vogt,
1981). For example, TiO bands apparent in the medium-resolution (R∼10, 000) visual spectra of
active G and K stars point to starspot covering fractions as large as 64% in some cases (Neff et al.,
1995; O’Neal et al., 1996, 1998). Similarly, TiO band strengths in R∼1800 spectra of 304 active
GKM dwarfs that are candidate Pleiades members indicate starspot covering fractions (∼50%) for
many K and M stars, even those with little or no brightness variations (Fang et al., 2016).
Recent work has shown the strength of new robust spectral inference frameworks for carrying
out this work over a wider wavelength range and exploiting model stellar spectra grids to explore
stellar heterogeneity over a wide parameter space. In particular, Gully-Santiago et al. (2017) stud-
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The Cousins R photometry from Pecaut & Mamajek (2013) is
converted to Johnson R for comparison with the Grankin et al.
(2008) photometry, following the color transformation pre-
scribed by Landolt (1983) and applied by Grankin et al.
Photometry from synthetic spectra produced by Phoenix and
BT-Settl models cannot be used here because the predicted
B− V colors are much bluer than observed. Offsets between
model and observed colors are at least in part attributed to
extinction and are discussed in Section 5.1.
Limb darkening effects also become important if starspots
are distributed in a finite number of large patches, not
many small patches. The variations in the mean projection
angle cause confounding color trends in the photometric
modulations.
The optical emission is dominated by the hotter component,
while both components contribute equally to the infrared
emission (see theinset in the top panel of Figure 7). Figure 10
demonstrates that the B− V color from Grankin et al. (2008)
does not depend on V, which is consistent with expectations for
a single hot component with no contributions from the cooler
component. The standard deviation of 0.03 mag in B− V color
(which includes a ∼0.01 mag uncertainty in both V and B)
indicates that the spot temperature is stable to 50 K over
decades. The stability of this temperature implies that the hotter
component may be the ambient temperature of the photosphere.
The correlation between V and V−R indicates that the star
becomes redder when the cool spot has a higher filling factor. Our
simple model predicts that the correlation should be much weaker
than is measured. Most likely, our two-temperature model for the
photosphere is overly simplistic, since the V−R color could be
reproduced with some contribution from intermediate temperatures.
Rotational modulation is expected to lead to much smaller
brightness changes at near-IR wavelengths, with amplitudes of
0.15–0.2 mag, than the 0.6–0.8 mag amplitudes seen at optical
Figure 9. V-band magnitude in 2014–2015, converted into fill factor for the cool component. The optical brightness depends mostly on the hot component. If we fix a 75%
filling factor, as measured in the IGRINS spectrum, to V=12.83 at the time of the observation, then the V-band amplitude corresponds to filling factors of 67%–83%. The
factor of ∼2 change in visible surface area of the hot component, from 33% to 17%, is required to produce the ΔV=0.6.
Figure 10. Observed optical colors of LkCa 4, mostly from Grankin et al. (2008), compared with predictions from the rotation of a two-temperature photosphere
model. The model is constructed instead by converting V-band brightness to a cool spot filling factor and subsequently calculating colors from main-sequence colors
and bolometric corrections of Pecaut & Mamajek (2013; purple lines).
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The Astrophysical Journal, 836:200 (23pp), 2017 February 20 Gully-Santiago et al.
(Hartmann et al. 2005), without adjusting for epoch. In the
spectroscopic comparison, some min r discrepancie between
the optical and near-IR spectra may be introduced because the
spot coverage ch nged in the ∼5 hrs betw en observations
(ΔV=0.08 mag). The synthetic spectrum is obtained from the
Phoenix models, as in Section 3, and is extended beyond the
longest wavelength (5 μm) to calculate the bolometric
luminosity.
The synthetic models match the full spectrum reasonably
well. When scaled separately to the red-optical and near-IR
spectra, the synthetic models match even better (bottom panels
of Figure 7), whil single temperature photospheres fail to
reproduce large spectral features. The 3900 K component fits
the TiO bands at <7400 Å b t fails to reproduce molecular
bands at longer wavelengths. The 3500 K component suffers
from the opposite problem, yielding molecular bands at short
Figure 4. Examples of spectral features in the observed IGRINS spectrum (light gray line). The composite spectrum model (purple thin line) is consistent with the
observed spectrum for a range of fill factors, with examples of the median fill factor (middle panel of triptych) and ±2σ fill factors demarcated on the spectral postage
stamps. The upper right triptych shows a Zeeman-sensitive Mg I line that is modeled with no attention to the magnetic field, which may bias estimates of Thot and/or
fcool for individual spectral orders.
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Figure 3: Illustration of the spectral decomposition technique. Features in the high-resolution NIR
spectrum of LkCa 4 reveal the temperatures and covering fractions of a cool and hot photospheric
component at a single epoch (left). Combined with long-term photometric monitoring (right),
this information can be used to determine the covering fraction of the cool component as the star
rotates. Adapted from Gully-Santiago et al. (2017).
ied the T Tauri star LkCa 4 using a suite of visual and near-infrared (NIR) observations and found
clear evidence for a hotter (∼4100K) and cooler (∼2700–3000K) photospheric component. High-
resolution NIR spectra suggest a covering fraction of ∼80% for the cooler component, the rota-
tional modulation of which can be traced with long-term photometric monitoring (Gully-Santiago
et al., 2017, Figure 3). The combination of spect l decomposition and l ng-term ph tom tric
monitoring offers a p werful appro ch for constraini g the time-resolved heterogeneity of stellar
photospheres, accessing both persistent and rotationally modulated active regions.
The potential f studying exoplanet host stars with this technique is clear. T e l w-resolution
(R∼130) NIR spectru of terrestrial exo lanet host TRAPPIST-1, for example, shows evidence
for three spectral components in its photosphere, including a large (potentially dominant) cool
component (Zhang et a ., 2018; Wakeford et al., 2019). The photospheric heter gen ity of this ul-
tr cool dwarf may prod ce TLS signals in the transmission spec ra of the TRAPPIST-1 planets that
are comparable to planetary signals (e.g., Ducrot et al., 2018) or even an order of magnitude greater
than them (e.g., Zhang et al., 2018) at visual and NIR wavelengths. In the next decade, future wo k
should exploit recent advances in spectral decomposition techniques to study the time-resolved
heterogeneity of TRAPPIST-1 and other high-priority active exoplanet host stars. Modeling ef-
forts should also explore wavel ngth rang s and spectral resolutions necessary for constraints on
active regions that will be useful for precise exoplanet transmission spectroscopy.
2.3 Joint retrievals of stellar and planetary properties
Retrieval methodologies that have traditionally been used to infer planetary atmospheric properties
from transmission spectra offer a promising approach for inferring stellar properties from trans-
mission spectra as well. The contribution of unocculted active regions to observed transmission
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spectra via the TLS effect can be modeled simply in retrievals with a few additional parameters,
such as the temperature contrast of the active region with the immaculate photosphere and the
active region covering fraction (Pinhas et al., 2018; Espinoza et al., 2019). In a nested sampling
framework (Skilling, 2006), the Bayesian evidence for models with and without TLS signals can
be compared straightforwardly to assess whether the data warrant the additional complexity of a
heterogeneous stellar photosphere. Recent studies employing this retrieval framework have found
examples of transmission spectra affected by unocculted spots (e.g., WASP-19b; Espinoza et al.,
2019) and others unaffected by starspots beyond those occulted during transits (e.g., WASP-4b;
Bixel et al., 2019). Applied to a comparative sample of nine high-quality hot Jupiter transmission
spectra (Sing et al., 2016), retrievals allowing for TLS signals indicate evidence for stellar hetero-
geneity impacting a third of these spectra (Pinhas et al., 2018). These studies illustrate the strength
and future potential of this approach, which should be developed further in the coming decade.
They also highlight the need for informed priors on the parameters of stellar active regions (e.g.,
temperatures and covering fractions), which can be provided in the coming decade by some of the
strategies that we espouse here.
2.4 Visual transmission spectroscopy in the era of JWST
Stellar heterogeneity has a larger impact on transit observations at shorter wavelengths, owing to
the larger contrasts between active regions and the immaculate photosphere. Unocculted spots, for
example, cause transit depths to increase toward shorter wavelengths, while unocculted faculae de-
crease them (e.g., Pont et al., 2008; Oshagh et al., 2014). In specific temperature regimes, opacity
differences between active regions and the immaculate photosphere can even imprint molecular
features, such as those of TiO, on transmission spectra (Espinoza et al., 2019). This fact com-
plicates interpretations of visual transmission spectra alone, but it also provides an opportunity:
in a joint retrieval framework, visual spectra can constrain TLS signals (or the lack thereof) that
are subtler are longer wavelengths (e.g., Rackham et al., 2017). In the coming era of JWST , vi-
sual transmission spectra will provide crucial complements to JWST observations at longer wave-
lengths. Observational efforts to measure visual transmission spectra with HST and ground-based
facilities will remain vital to the interpretation of longer-wavelength data.
3 Recommendations
We make the following recommendations to the Astro2020 Decadal Survey Committee: (1) Iden-
tify the TLS effect as a challenge to precise exoplanet transmission spectroscopy and an oppor-
tunity ripe for scientific advancement in the coming decade. (2) Include characterization of host
star photospheric heterogeneity as part of a comprehensive research strategy for studying transiting
exoplanets. (3) Support the construction of ground-based ELTs. For each of the science opportu-
nities outlined here, the light-gathering capacities of the ELTs will enable precise characterization
of an unprecedented sample of exoplanet host stars. (4) Support multi-disciplinary research teams
that bring together the heliophysics, stellar physics, and exoplanet communities to further exploit
transiting exoplanets as spatial probes of stellar photospheres. (5) Support visual transmission
spectroscopy efforts as complements to longer-wavelength observational campaigns with JWST .
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